Objective: To evaluate a new Fourier-based analysis method for diagnosing glaucoma using retinal nerve fiber layer (RNFL) thickness estimates obtained from the optical coherence tomograph (OCT) (OCT 2000) and the scanning laser polarimeter (GDx).
criminant function (LDF) based on the Fourier analysis of the OCT data were 76% and 90%, respectively, and the area under the ROC curve was 0.925 (SEM, 0.028). For the GDx data, the Fourier-based LDF yielded sensitivity and specificity of 82% and 90%, respectively, with an ROC curve area of 0.928 (SEM, 0.029). These values were better than those determined using the GDx number, a previous discriminant function using GDx variables and OCT thickness values. The Fourier-based LDFs and numerous other measures were significantly correlated between the 2 devices. For each device, the visual field measures correlated most highly with the Fourierbased LDF measure.
Conclusions: For both devices, the LDF based on the output from a Fourier analysis of RNFL data resulted in better diagnostic capability compared with other common RNFL analytical procedures. That this technique improves RNFL analysis is also supported by the better correlations between visual field measures and the Fourierbased LDF measures.
Arch Ophthalmol. 2003; 121:1238 -1245 T HE EVALUATION of the retinal nerve fiber layer (RNFL) is an important component in the diagnosis and treatment of glaucoma [1] [2] [3] [4] [5] [6] [7] and may be useful for detecting subtle anatomical changes that can precede visual field loss in glaucoma. [8] [9] [10] [11] [12] Imaging devices such as the GDx scanning laser polarimeter (Laser Diagnostic Technologies, San Diego, Calif) and the ocular coherence tomograph (OCT) (OCT 2000; Zeiss Humphrey Systems, Dublin, Calif) can provide quantitative measures related to thickness of the RNFL, allowing for comprehensive objective analysis. [13] [14] [15] [16] Studies using these devices have reported significant differences between thickness estimates from healthy and glaucomatous eyes. [17] [18] [19] [20] [21] [22] [23] [24] [25] Although promising as an objective measure for diagnosing glaucoma, the large degree of overlap of thickness measures in the healthy population limits their usefulness in standard clinical practice. This issue has led to the development of metrics other than direct thickness.
Both devices provide pointwise estimates of RNFL thickness at thousands of retinal locations. How to best use this massive amount of data to detect glaucoma or to assess risk for glaucomatous progression is far from established. Initially, direct measures that indicated total, mean, or normalized thickness were used. At present, relational measures such as the modulation of the double-hump RNFL pattern 26, 27 and methods that combine several direct or relational measures via a neural network (the GDx number) or a linear discriminant function (LDF) 28 have been proposed. Analysis of symmetry of thickness measures between hemifields of single eyes and between paired eyes has also proved to be promising. 29 As currently supplied by the manufacturers, the OCT device relies on radial (sector) mean thickness values, and the GDx device provides the GDx number that is based on relational and direct measures.
Previously, we have emphasized that the shape of the distribution of the RNFL thickness estimates may be a more useful way to characterize the normal RNFL and detect deviations from it. 30 Analyzing the RNFL in terms of shape variables rather than raw thickness, sector thickness, or even normalized thickness or simple relational measures may provide variables that are based on regional characteristics less affected by noise and individual differences. Shape analysis of data from new polarimetry devices that account for individual differences in anterior segment polarization 31 may help even more. 32 In the present study, we apply a shape-based RNFL analysis approach that is based on a 1-dimensional Fourier analysis of the double-hump RNFL thickness pattern. 30 We use an LDF version of the Fourier method to combine the shape components generated by the Fourier analysis as reported in preliminary reports. [33] [34] [35] The first goal of this study is to compare the extent to which this method [33] [34] [35] improves glaucoma detection with polarimetry and tomography data. The second goal is to compare the output of the OCT and GDx devices in terms of these shape components and their raw output.
METHODS

SUBJECTS
Data from 1 eye, chosen at random, of 38 healthy control individuals and 42 patients with glaucoma (hereafter referred to as glaucoma patients) were used for the study. All subjects were required to have GDx and OCT scans within a 3-month period (average time between scans, 11 days; SD, 19 days). The 42 glaucoma patients were all of those from the University of California-San Diego (UCSD) glaucoma clinic who had the 2 scans available within 30 days and had repeatable abnormal visual field results on standard automated perimetry, with Glaucoma Hemifield Test results outside normal limits or a corrected-pattern SD (CPSD) outside 95% normal limits. The 38 healthy controls were mainly USCD employees and relatives of patients who had undergone GDx and OCT scanning within 30 days of each other and met the criteria stated in this paragraph. Table 1 gives the demographic information for the patient and control groups as well as the global visual field indices. All participants underwent an ophthalmologic examination including visual field testing (standard automated perimetry) and imaging of the peripapillary RNFL with GDx and OCT. The ophthalmologic examination included slitlamp biomicroscopy, applanation tonometry, gonioscopy, and dilated indirect ophthalmoscopy. Visual field testing was performed with the Humphrey Field Analyzer 24-2 or 30-2 program (Zeiss Humphrey Systems). The healthy control group had normal results of the ophthalmologic examination, visual field results within normal limits, and an intraocular pressure of less than 22 mm Hg at the time of examination. These individuals also had no history of optic neuropathy or surgery and no history of diabetes or other systemic disease; the glaucoma patients had no relevant medical history except glaucoma. Informed consent was obtained from all participants, and the study was approved by the Human Subjects Committee of UCSD. Research followed the tenets of the Declaration of Helsinki.
RETINAL IMAGING
Polarimetry was conducted with a standard GDx device, which provides an array of 256ϫ256 thickness estimates (15°field) based on polarization retardation. 13, 14 We used the number calculated by the GDx software, a value from 0 to 100 based on a trained neural network analysis of the scan (0 indicates completely normal; 100, advanced glaucoma). The present study used the average thickness estimates from the 32 (11.5°) angular sectors on a ring (a 10-pixel-wide band) located at 1.7 disc diameters distant from the disc on the baseline images (mean of 3 scans) for all additional data analysis.
The OCT device estimates RNFL thickness using lowcoherence interferometry to differentiate the retinal layers on the basis of the different echo time delays that occur for the different layers. The OCT (circle scan mode) generated RNFL thickness estimates at 100 points in a 3.4-mm circle diameter centered on the optic disc that were averaged to provide values at 12 radial sectors around the disc. These values were used for all further data analysis. Three OCT scans were performed and averaged in each case.
FOURIER ANALYSIS
Fourier analysis is a mathematical procedure whereby a complex waveform pattern (eg, the double-hump pattern of nerve fiber distribution) is broken down and described as a set of harmonically related sine waves of specified frequencies, amplitudes, and phases. If all of the component sine waves are added together, point by point, the original waveform is reproduced. Also produced by Fourier analysis is the DC component, which is the overall level or mean value of all amplitude measures. In our application of Fourier analysis to the RNFL, the DC component is synonymous with mean thickness. The lowestfrequency component, the fundamental (F1), corresponds to a sine wave pattern with 1 cycle (ie, 1 hump), and the harmonics are sine waves whose frequencies are integer multiples of the fundamental (eg, the second harmonic, F2, has a frequency that is 2 times that of the fundamental, and thus has 2 humps; the third harmonic [F3] has 3 humps, etc). The amplitude value of each sine wave is the peak-to-trough distance, and the phase value describes where the waveform begins (eg, at the peak, at the trough, or somewhere between, relative to some reference). When a Fourier analysis is performed on a set of data (that describe some complex waveform), the number of sine waves generated to describe that waveform equals half the number of data points. For example, a waveform based on 12 data points, the present standard for the OCT, will generate 6 sine waves and a single DC component. Because the present GDx data are based on 32 data points, there are 16 resulting sine waves from the Fourier analysis. Each sine wave will have a specific amplitude and phase value. A more complete description of Fourier analysis can be found in Bracewell, 36 and its application to RNFL thickness estimates can be found in Essock et al. 30 The Fourier analysis was performed on data from each eye from each device (GDx and OCT), using the Fast-Fourier Transform procedure in MATLAB, version 5.0 (The Math Works, Natick, Mass).
DISCRIMINANT ANALYSIS
The Fourier coefficients (DC component and all amplitude and phase values) from all individuals were subjected to a stepwise discriminant analysis using SPSS for personal computers (version 10.0; SPSS Inc, Chicago, Ill). The absolute value of the phase coefficients was used for this procedure to emphasize deviations in shape regardless of direction. The significance of each variable (coefficient) in the discriminant analysis was determined using Wilks ⌳, and only those variables that contributed significantly at the level of .05 were retained in the final function. The final LDFs were then applied to the data, and receiver operating characteristic (ROC) curves were generated. This procedure was performed for both the GDx and OCT data.
STATISTICAL ANALYSIS
Mean thickness comparisons between healthy and glaucomatous eyes were conducted using an unpaired, 2-tailed t test for the GDx and OCT data. The ␣ was set at .05. The ROC curves were generated from the LDFs from both devices and from various other metrics such as mean thickness, the UCSD LDF, and various GDx variables. Significant differences between ROC curves were determined by the method described in DeLong et al. 37 Pearson product moment correlation coefficients were used for all correlations, and the ␣ was adjusted using Bonferroni corrections based on the number of comparisons made.
A standard split-half technique was used to test the reliability of the Fourier-based LDFs for detecting glaucoma. For this split-half analysis, each subject in the total sample was randomly assigned to 1 of 2 groups of equal size. The same Fourier LDF analysis procedure was performed separately on each of the 2 independent samples, and sensitivity and specificity were calculated for each group by applying to 1 sample the discriminant function calculated independently on the other sample. Thus, the LDF was derived with one sample and tested on another for both of the samples, thereby providing 2 independent estimates of the performance of the procedure. The 2 sensitivity and specificity values were then averaged to provide an overall assessment of performance. Other than for this check of reliability, the full-size sample was used in all analyses throughout the report.
RESULTS
The mean RNFL thickness estimates for the healthy ocular controls and glaucoma patients determined with the GDx and OCT devices are shown in Figure 1 . Both devices show the general double-hump pattern, but also show a difference in mean thickness between glaucomatous and healthy eyes (t=2.8 [PϽ.01] for GDx; t=7.2 [PϽ.001] for OCT). Although the shape of the distribution (doublehump pattern) is generally similar, differences between the thickness estimates produced on the same set of individuals by the 2 devices are apparent. To allow the comparison of the output of the 2 devices, the data were normalized by dividing all points on an individual curve by the maximum value, and data from both devices were plotted together (Figure 2) . The most striking difference between the devices is that, although the location of the nasal and temporal minima correspond in the 2 devices, the GDx device yields average curves with both peaks shifted nasally (ie, toward each other) compared with the OCT device for glaucomatous and healthy eyes. (This is a consistent difference between the machines, as 57 [71%] of all 80 subjects showed this shift.) A pervasive and systematic difference such as this finding of matching minima and shifted maxima would be unlikely to be related to individual differences in anterior segment polarization uncompensated for by the GDx device.
When our Fourier analysis procedure is applied to the data of each individual and the linear discriminant analysis procedure is applied, each eye can be classified as glaucomatous or normal on the basis of the resultant discriminant function. The stepwise procedure yields an equation consisting only of terms that contribute significantly to the discrimination of glaucoma from healthy eyes. For the OCT device, the function was 0.041ϫDC+0.077ϫF2 amplitude+0.648ϫF3 phase−6.578. For the GDx device, the function was 0.260 ϫ F2 amplitude + 1.366 ϫ F12 amplitude+0.681ϫF12 phase−1.912ϫF13 amplitude + 0.798 ϫ F14 phase − 5.942. The most important variables in the equations (in terms of discriminative power) were, for OCT, the DC level, then, approximately equally, F2 amplitude and F3 phase, whereas for GDx they were 
because the 2 functions are based on a different number of input coefficients, it is not surprising that the relevant coefficients are different (ie, there are only 6 amplitude and phase coefficients for the OCT data, and there are 16 for the GDx data). From these functions, sensitivity and specificity values and associated ROC curves were obtained. The ROC curves from application of the Fourier metrics and the most prevalent metrics in the literature are shown in Figure 3 for the GDx device and in Figure 4 for the OCT device. For the GDx data, the areas under the curve for the GDx number, the UCSD LDF, 28 and the Fourier-based LDF were 0.734, 0.773, and 0.928, respectively (SEM, 0.056, 0.052, and 0.029, respectively). For the GDx device, the Fourier-based LDF performed significantly better, with the area under the ROC curve significantly larger than that obtained from the GDx number or the UCSD LDF (PϽ.05). For the OCT device, we evaluated the standard measures of mean thickness, inferior sector thickness, and the Fourier-based LDF and obtained areas under the ROC curves of 0.872, 0.888, and 0.925, respectively (SEM, 0.041, 0.038, and 0.028, respectively), as shown in Figure 4 . Again, the discrimination ability (ROC area) was greater for the Fourier-based LDF measure (but not significantly [PϾ.05]). The split-half reliability analysis (Table 2) shows that these findings are reproducible. When the various measures are tested on the half-size independent samples, the Fourier measures still outperform the GDx number and the UCSD LDF, with best performance for the OCT Fourier-based LDF and poorest performance for the GDx number.
An anatomical measure that accurately reflects RNFL integrity presumably should be strongly associated with visual function measures. Hence, a GDx or OCT measure that relates better to a visual field metric may suggest a more meaningful RNFL variable. Correlations were calculated between visual fields and both OCT and GDx variables to assess the degree of such associations and are shown in Table 3 . For the GDx measures, only the Fourierbased LDF and UCSD LDF values correlated significantly with the mean defect (MD) or CPSD. For the OCT measures, the Fourier-based LDF value and average thickness significantly correlated with the MD and CPSD. For both devices, the Fourier-based LDF correlations tended to be higher than the other measures (Table 3) .
To the extent that the data from the 2 devices actually reflect the true RNFL thickness distribution, the thickness estimates and the metrics developed based on them (eg, the GDx number or the LDF values) should significantly covary between the 2 devices. In actuality, average thickness as measured by each device was not correlated across individuals (r=0.10 [PϾ.05]) as shown in Presumably, the lack of individual compensation for anterior segment polarization for each subject by the GDx device is the basis for part of this discrepancy. A more important finding is that, despite average thickness not being significantly correlated across the 2 devices, the various measurements of abnormal characteristics from the 2 devices correlated very well. All GDx measures tested (and the GDx-based LDF measures) were significantly correlated with both the OCT average thickness measure and the OCT Fourier-based LDF values, except for GDx average thickness and GDx ellipse average variable, both of which are direct RNFL thickness estimates ( Table 4) . The highest relationships, however, are between the Fourierbased LDFs (OCT and GDx), the UCSD GDx LDF, and the OCT average thickness measures.
Since the 2 devices' measures of average thickness were unrelated (ie, with the relation accounting for only 1% of the total variance), we next considered whether thickness measures might correspond better in the thicker areas (ie, the superior and inferior regions) or the thinner areas (nasal and temporal regions). Comparisons were made using thickness estimates averaged across these 4 regions (90°quadrants) and using the single extreme value (maximum for superior and inferior quadrants and minimum for temporal and nasal quadrants) for the 4 regions. (The 90°quadrants were formed by combining 8 GDx sectors or 3 OCT sectors.) In general, the associations at the thicker regions (superior and inferior) were stronger (about 0.25) than the associations for the 2 thin- Finally, we considered whether the correlation based on amplitude measures would be greater than that for the thickness measures. We compared the 2 devices on several such peak-to-trough measures, as shown in the following tabulation: Superior and inferior amplitude measures were calculated as the modulation variables of Xu et al, 24 which determine an average minimum value by averaging thickness estimates from the nasal and temporal regions and then subtracting these minimum values from the thickness value for the superior or inferior regions. These modulation variables were obtained in the following 2 ways: for average thickness within the quadrant, and for the quadrant's maximum (superior or inferior) or minimum (nasal or temporal) value. All correlations between the amplitude measures from the 2 devices were significant, and an example of this relationship is shown in Figure 6 for 1 of the amplitude measures.
COMMENT
The main finding of the present research is that the LDFs generated from a stepwise discriminant analysis of the Fourier coefficients derived from RNFL thickness estimates were found to effectively discriminate eyes with early glaucoma from healthy eyes for data obtained from either the GDx or OCT devices. In both cases, the area under the ROC curve was approximately 0.93, indicating that this method of analysis works equally well for both devices. When applied to the present patient sample, ROC comparisons show that the Fourier-based LDFs detected glaucoma better than other commonly used measures, including the GDx number and OCT mean thickness. The finding that the Fourier-based LDF values are more strongly associated with visual function measures (visual field indices) than are other measures such as average thickness or any of the various GDx variables provides further support that it is a sensitive measure for assessing RNFL integrity in early glaucoma.
A direct comparison between the RNFL measures of the 2 devices found that the overall thickness measures were not significantly correlated between the devices (an r 2 of only 0.01). A similar finding was reported by Zangwill et al. 38 We assume that much of this discrepancy may be attributable to errors in the polarimetry measures resulting from individual differences in polarization from the anterior segment of the eye, 31 and we suspect that some of the discrepancy between the 2 devices will be reduced as individual compensation of an eye's corneal polarization becomes routine. 39 However, although both devices purportedly provide estimates of RNFL thickness, the GDx actually measures polarization retardance, thought to be proportional to RNFL thickness, but not a direct measure of RNFL thickness. The correlations reported in Table 4 and the tabulations indicate a regional aspect of the poor correlation between the thickness measures produced by the 2 devices. Much of the poor association between the 2 devices occurs at the nasal and temporal regions, as the association between the 2 devices' measures was stronger in thicker regions (inferior and superior) than in the nasal and temporal quadrants or for the total retina. Furthermore, the peak-to-trough amplitude measures from the 2 devices were more closely and significantly correlated, suggesting that the peak-to-trough measures across the 2 devices were more consistent across individuals than were absolute thickness measures. The Fourier-based LDF measures were among the most highly correlated measures across the 2 devices, suggesting that the overall shape or pattern of fiber distribution is more similar than specific thickness estimates. As in previous reports, this leads us to emphasize the utility of a shape-based analysis of quantitative RNFL measurements. 30, [32] [33] [34] [35] One reason why the thickness estimates of the 2 devices were not correlated for the sample population in this study or for that of Zangwill et al 38 may be related to the severity of the glaucomatous damage. A study from Hoh et al 23 compared OCT and GDx data from the same group of individuals and found that the OCT thickness estimates correlated significantly (r = 0.29) with an estimate of RNFL thickness (the ellipse average variable), as well as with all other GDx variables tested. However, the patient sample used in that study consisted of patients with relatively more advanced glaucoma than the sample analyzed in the present study (MD average, −7.7 for the study by Hoh et al 23 compared with −4.0 for this study) and the study by Zangwill et al 38 (which included a number of patients with early glaucoma, with an MD average of −2.1). In addition, all 3 studies show a similar trend in the strength of the correlations, where the association of mean thickness values between OCT and GDx were weaker than the association between OCT mean thickness and other GDx variables (eg, modulation variables). The use of patients with more advanced glaucoma in the study by Hoh et al 23 can also explain why their test measures (mean thickness for OCT and the number, maximum modulation, ellipse modulation, and ellipse average for GDx) correlated more strongly with the global visual field indices than was found in the current study. Despite these differences due to stage of disease, a similar pattern was found for both studies (ie, the present study and that of Hoh et al 23 ) in that the OCT mean thickness correlated more strongly than any of the GDx variables with measures of visual function (MD and CPSD), suggesting that OCT measures may be a better indicator than the present versions of GDx polarimetry measures for retinal functional integrity (see also Zangwill et al 40 and Weinreb et al 41 ). In more advanced stages of glaucoma, present OCT and GDx measures correlate with functional loss (OCT more so than GDx), but the present results show that in even earlier stages of glaucoma, Fourier indices of either OCT or GDx data correlate with functional loss, whereas the other measures do not.
The ROC curve analysis suggests that other than the Fourier-based LDF approach, the measures from the OCT device are better at detecting glaucoma than the measures from the GDx device, despite the fact that the GDx uses more sophisticated analytical procedures when deriving its measures (eg, a neural network analysis) than present metrics typically used for analysis of OCT data (ie, direct measures of total or sector mean thickness). This may not be surprising, given our finding that the OCT measures were more strongly correlated with visual field indices than the GDx measures, a finding also reported by Hoh et al. 23 Bowd et al 26 also found the area under the ROC curve was significantly higher for the best OCT measure compared with the best GDx measure; however, Zangwill et al 42 did not find a significant difference. However, the Fourier-based LDFs from the 2 devices resulted in similar discriminating ability for the 2 devices. That is, although current measures commonly used from the 2 devices generally result in better discriminating ability for the OCT device (see also Zangwill et al 42 ), if Fourier analysis is used to characterize the shape of the RNFL, then the resulting LDF works equally as well for both devices.
The weightings of the factors varied less between the 2 halves for the OCT data, possibly suggesting further that, at present, the values obtained from the OCT device are more internally consistent than those from the GDx device.
CONCLUSIONS
This procedure emphasizing characteristics of the shape of the double-hump pattern is a way to improve the utility of RNFL measurements, whether from a polarimetry or a tomography device. In particular, the present procedure of analyzing shape by means of Fourier analysis with application of an LDF improves the performance of both the OCT and GDx devices. The split-half analysis shows that these Fourier-based LDFs are robust and can accurately discriminate glaucoma on samples independent of their derivation, although their degree of robustness is likely to improve when the LDFs are generated on larger patient samples. Like the other metrics in use, the Fourier-based LDF method needs to be established on the largest sample possible in the future to maximize its performance. With further refinement, this analysis method may be useful for assessing risk for conversion from a glaucoma suspect to glaucoma, in addition to improving the detection of glaucoma as shown in the present results.
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